Despite the burden of both malnutrition and tuberculosis in children worldwide, there are few studies on the mechanisms that underlie this relationship. From available research, it appears that malnutrition is a predictor of tuberculosis disease and is associated with worse outcomes. This is supported through several lines of evidence, including the role of vitamin D receptor genotypes, malnutrition's effects on immune development, respiratory infections among malnourished children, and limited work specifically on pediatric tuberculosis and malnutrition. Nutritional supplementation has yet to suggest significant benefits on the course of tuberculosis in children. There is a critical need for research on childhood tuberculosis, specifically on how nutritional status affects the risk and progression of tuberculosis and whether nutritional supplementation improves clinical outcomes or prevents disease.
Tuberculosis remains a significant source of morbidity and mortality among children in resource-limited settings. Of the 9 million new tuberculosis infections each year, 11% are in children [1] . Malnutrition is also highly prevalent in children living in tuberculosis endemic countries and contributes to 2.2 million deaths in children under 5 years of age globally [2] . Poverty, overcrowding, food insecurity, and human immunodeficiency virus (HIV) further set the stage for both malnutrition and poor infection control.
Although the World Health Organization (WHO) states that malnutrition is a significant risk factor for childhood tuberculosis [1] , there are limited studies to explain the mechanisms underlying this association. This may be due to the challenges in diagnosing pediatric tuberculosis, difficulty in establishing a causal role of malnutrition on tuberculosis, and an overall low research priority because of the limited infectivity of children. We will review 4 lines of support that serve as the foundation of our understanding of the interaction between pediatric tuberculosis and nutritional status, namely, (1) gene polymorphisms relating vitamin metabolism to risk of tuberculosis, (2) studies investigating immune development among malnourished children, (3) associations between malnutrition and respiratory tract infections in children, and (4) associations between nutritional status and tuberculosis in both animal models and children. Taken together, the evidence suggests that malnutrition affects genetic expression and immune function that predisposes children to tuberculosis progression, and the resulting disease and inflammatory response further worsens the nutritional state. Because of this devastating cycle, understanding the mechanisms that contribute to this precise interaction in children is essential to addressing both epidemics and ascertaining whether nutritional interventions will be of benefit.
METHODS
References were identified through searches on PubMed, Cochrane, Web of Knowledge, and Google Scholar. Inclusion criteria were articles in English related to risk factors, etiology, and management of tuberculosis in relation to nutritional status. PubMed searches included the terms "tuberculosis," "malnutrition [MeSH] ," "nutritional status [MeSH] ," "infection," "pulmonary infection," "respiratory tract infections [MeSH] ," "milk, human/immunology," and "micronutrient." Searches were completed with and without the limits "All Infant: birth-23 months, All Child: 0-18 years." The Cochrane database was searched with the terms "malnutrition" and "tuberculosis." Web of Knowledge search terms included "malnutrition" and "tuberculosis" and was limited to pediatrics. Lastly, Google Scholar searches included "malnutrition tuberculosis children," "micronutrient deficiency tuberculosis," "malnutrition respiratory infections children," and "micronutrient tuberculosis."Articles relevant to the topic were reviewed and included in our discussion, as were significant articles cited by these papers.
Genetics of Malnutrition and Tuberculosis
There is growing evidence that genes related to vitamin metabolism contribute to susceptibility to tuberculosis. Specifically, vitamin D provides an exciting example of how genetics may underlie risk of tuberculosis disease (Figure 1 ). The vitamin D receptor (VDR) is a soluble nuclear receptor found in many immune cells and is believed to play a role in cytokine secretion patterns, maturation of dendritic cells, and effector and regulatory T-cell function [3] . Several VDR gene polymorphisms have been found that can impact tuberculosis risk and outcomes, including BsmI, TaqI, and ApaI at the 3′ end of VDR, and FokI on exon site 2 ( Figure 1 ) [4] . For example, the TaqI Tt and ApaI AA genotype are associated with improved response to therapy and faster time to sputum conversion in tuberculosis patients [4] . On the other hand, TaqI tt, TaqI Bb, TaqI Ff, and BsmI bb have been associated with an increased risk of tuberculosis [4] . Risk or protection may be influenced by ethnic background; a recent meta-analysis was performed on a variety of populations and found that the FokI ff genotype was most significant in the Asian population, whereas there was no effect in Africans or South Americans [5] . Population differences may be related to a variety of factors, including vitamin D status and HIV and tuberculosis prevalence rates.
Vitamin D itself is also essential for downstream genetic expression important for the immune response against Mycobacterium tuberculosis. In the innate immune system, activation of Toll-like receptor (TLR) 2/1 by M. tuberculosis antigen presentation leads to the expression of VDR and 1-α vitamin D hydroxylase [4] . The hydroxylase converts 25(OH) vitamin D to its active form 1,25 (OH) 2 vitamin D, which binds to VDR. They then form a heterodimer with retinoid X receptor (RXR), creating a complex that translocates to the nucleus to regulate gene transcription (Figure 1) . A key protein formed is LL-37, a member of the cathelicidin family, known to have antimicrobial effects against Mycobacterium tuberculosis while recruiting other immune cells to the site of infection [4] . Other functions for vitamin D and VDR are to regulate antigen presentation and processing, phagocytosis, and interleukin (IL)-1 β and tumor necrosis factor α (TNF-α) production essential for the immune response [3] .
Studies on vitamin D and VDR genetics illustrate a novel gene-environment model that can help to stratify tuberculosis risk. It should be noted though that these studies were all conducted in adult tuberculosis populations. Further research is necessary to investigate how these polymorphisms influence the risk of tuberculosis in children. 
Immune Development and Malnutrition
Defense against M. tuberculosis requires a complex immune response that involves both innate and adaptive immunity [6] . However, in newborns, it is important to appreciate that cellmediated immunity is incomplete, and they depend mostly on innate immunity and maternal antibodies [7] . Yet, even innate immunity is impaired; evidence suggests that newborns have reduced function in antigen-presenting cells (APCs), neutrophils, and TLRs, and decreased blood complement levels [7] . Moreover, adaptive immunity is thought to be skewed to a helper T cell 2 type response, potentially as a way to reduce a proinflammatory reaction, decrease an allo-immune response against the mother, and promote tolerance of harmless new antigens such as gut flora and food [7] . However, this also places them at considerable risk against intracellular organisms, including tuberculosis, that depend on a Th1 response [6, 7] . Nutrition plays an essential role to develop the appropriate innate and Th1 immune responses against tuberculosis [8] .
The mucosal lining is an early site of defense against tuberculosis, where bacterial products trigger TLR signaling pathways in dendritic cells and macrophages to release cytokines and bactericidal defensins and cathelicidins [6, 9] . After birth, a neonate leaves the sterile uterine environment to be rapidly exposed to foreign antigens, which has a large impact on the formation of mucosal innate immunity. Furthermore, the colonization of commensal flora is thought to compete with pathogenic bacteria while shaping TLR responses in the child [7] . Growing evidence demonstrates that early nutrition, in the form of breast milk, has immune properties that modulate inflammation while promoting innate immunity in the mucosa [7] . Breast milk contains a variety of important immune factors including lysozyme, defensins, lactoferrin, soluble CD14, cytokines, complement, and antiviral lipids [10] . Milk trigylcerides, when partially digested from lipases, become monoglyceride and free fatty acid, which can be toxic to many pathogens [10] . Breast milk is also a large source of glycans, which serves as substrate for fermentation and colonization of commensal bacteria, and inhibit pathogen-binding to the mucosal surface [10] . Studies have shown that limited or nonexclusive breastfeeding is associated with an increased risk of respiratory infections [11] [12] [13] . A prospective study in Brazil showed that neonates with acute viral bronchiolitis and a shorter length of exclusive breastfeeding had worse clinical outcomes, including increased use of oxygen and longer hospital stay [12] . Therefore, maternal nutrition and her ability to confer protection have large implications on the development of a functional innate immune system in the child.
Although innate immunity is important against tuberculosis, adaptive immunity, in particular the Th1-type response, is critical against this intracellular bacterium [6] . The thymus plays an important role in T lymphocyte maturation and is greatly affected by prenatal and early child nutrition [8] .
Studies have shown that low birth weight or being born in the "hungry" season is associated with decreased thymus size [14, 15] . Echography demonstrates thymic atrophy in malnourished children and is associated with higher infant mortality due to infections [16] . Protein deficiency has especially been implicated; children with protein energy malnutrition (PEM) have reduced thymic size, and tissue samples demonstrate apoptosis of cortical thymocytes, microenvironment changes around lymphoid tissue and epithelial cells, and a decrease in thymulin hormone production and thymocyte proliferation [16, 17] . Inadequate zinc intake may also contribute to thymic dysfunction; mice placed on a zinc-deficient diet for 4 weeks only retain 25% of their original thymus size [16] . In addition to its role in innate immunity, breast milk is also associated with thymus size, correlated with the level of IL-7 in the milk [15] . Moreover, glutamine is one of the most abundant proteins in breast milk, and supplementation in early-weaned mice inoculated with bacillus Calmette-Guérin (BCG) demonstrate increased peripheral and lymph leukocyte and lymphocytes [18] . Thus, T-cell maturation is directly related to nutritional status essential for the tuberculosis response.
Although our understanding of immune development grows, several questions still remain regarding its role in the defense against tuberculosis. For example, despite immature immunity, why do we see a robust Th1 type response to BCG vaccine? This suggests that children are able to overcome this polarization toward Th2 responses through an unknown mechanism [7] . Regardless of our limitations, however, we are able to note that breast milk, protein, and micronutrients have significant roles in the development of innate and cellmediated immunity, and that these factors are critical for the tuberculosis response. Although studies have not been conducted to determine how dysfunction in immune development impacts risk of pediatric tuberculosis, this evidence supports that without adequate early nutrition, appropriate immune development is greatly impaired and places the child at considerable risk.
Nutrition and the Child With Respiratory Infections
Respiratory infections are among the largest contributors of morbidity and mortality in children. Because of the high frequency, it provides an opportunity to study how malnutrition impacts the outcomes and risk of diseases spread by respiratory droplets, such as tuberculosis.
Malnutrition has been associated with increased risk of respiratory infections. A prospective trial in Bangladeshi children found that being underweight increased the risk of an upper respiratory infection by 13%, and wasting increased it by 20% [19] . Moreover, a prospective 10-month study in nomadic Kenyan children found that wasting predicted risk of acute respiratory infections in the wet season [20] . Malnutrition is also a significant predictor of mortality in children with pneumonia, attributing to 52.3% of pneumonia-related deaths [21] .
Several mechanisms may underlie the increased risk and severity of respiratory infections in malnourished children. A prospective study on neonates from the Netherlands found that cord blood vitamin D levels predicted risk of RSV bronchiolitis in the first year of life [22] . Zinc levels were also found to be significantly lower in Bangladeshi children with a lower respiratory tract infection and PEM [23] . In addition, leptin deficiency has been implicated; it is structurally similar to cytokines such as IL-6 and IL-11, and the long isoform of the leptin receptor OB-Rb is similar to the cytokine receptor family gp130 [24] . Leptin leads to the secretion of several cytokines, and animal models demonstrate that elevated leptin during starvation prevents lymphoid tissue atrophy. An ex vivo study of T-lymphocytes from malnourished children in Mexico found that incubation with leptin lead to decreases in IL-4 and IL-10 production and increases in IL-2 and interferon γ (IFN-γ), suggesting a shift to the Th1 response [24] . Thus, malnourished children with respiratory infections may have deficits in cell-mediated immunity and the Th1 type response, both critical for tuberculosis immunity.
Because respiratory infections are prevalent in children, a large body of evidence has emerged on risk factors for infection and poor outcomes, including nutritional status. Although there are limitations in translating the risk of one pathogen to another, it has been observed that poor nutrition is associated with severe deficits in immunity, both innate and cell-mediated. Thus, until further research is conducted on childhood tuberculosis, we can learn from past studies in children that suggest that malnutrition significantly worsens the risk and severity of respiratory disease.
Nutrition and the Child With Tuberculosis Disease
Although a third of the world is infected with tuberculosis, there is only a 10% lifetime risk of progression to disease in HIV-uninfected individuals [9] . Malnutrition is thought to contribute to this progression in children, through possible mechanisms as described above. However, it is difficult to disentangle this process in vivo, for once the child has active disease, the resulting inflammatory and immune response increases metabolic rate, affects synthetic pathways (a so-called anabolic block), and impacts absorption, distribution, and excretion of nutrients, which altogether promotes malnutrition [25] . This is supported with evidence that shows tuberculosis therapy significantly improves anthropometric status and micronutrient levels [25, 26] . Thus, although cross-sectional studies demonstrate nutritional deficiencies in malnourished children with tuberculosis [27] , they have a limited role in describing the mechanisms underlying this relationship. Instead, it is more useful to evaluate how the malnourished child develops an immune response against tuberculosis soon after infection, and how any possible dysfunction may promote progression to active disease. Consequently, we depend on experiments in which animals are exposed to a virulent strain of tuberculosis, as well as studies in which malnourished children and animals are "infected" via BCG vaccination.
Th-1 Immunity Against Tuberculosis Is Impaired by Malnutrition
Guinea pigs given a low protein diet and then exposed to M. tuberculosis have deficits in mounting an appropriate Th1-type cell-mediated response. This includes decreased lymphocyte proliferation, higher immunoglobulin G levels, and decreased cytokines such as IL-2, TNF-α, and IFN-γ [28] . In addition, there are increases in Fc-γ T cells and transforming growth factor β, considered to have a suppressive effect on function and T-cell proliferation [28] . Consequently, these animals have evidence of worse disease, with higher bacillary load in the lung and spleen [29] . Micronutrients deficiencies such as zinc and vitamin A are also associated with greater bacterial load and worse lesions in the lung [30, 31] . More recently, polyunsaturated fatty acids, in particular the anti-inflammatory omega 3 (n-3) fatty acids, have shown to decrease skin response, increase the bacterial load, and reduce lymphocyte proliferation in tuberculosis-exposed guinea pigs [32] . There is mixed support in mice studies; endogenous release of n-3 fatty acid from transgenic mice demonstrated an increased bacterial load after tuberculosis inoculation, whereas exogenous supplementation provided a level of protection against tuberculosis [33, 34] . Overall, however, we see that nutrition has a profound effect on the Th-1 immune system's ability to defend against tuberculosis soon after infection and thus predisposes the animal to disease progression.
Malnutrition and BCG Vaccination
Studies have shown that children who were vaccinated with BCG had significantly lower tuberculin skin responses if they had severe protein deficiency [17, 35, 36] . Although milder forms of malnutrition may not have deficits in tuberculin response [37] , a prospective study among infants vaccinated at birth with BCG showed that mildly or moderately malnourished children still had a decrease in tuberculosis-associated cell-mediated immune responses [38] . This is supported in animal studies, in which protein-deficient animals have a significantly impaired protection from BCG after tuberculosis exposure, as seen with greater bacterial load in the lungs compared with nourished vaccinated animals [39] . This deficit appears to be related to cell-mediated immunity, as it is associated with reduced tuberculin skin reactivity and impaired IL-2, TNF-α, and IFN-γ release from BCG vaccinated, protein-deficient animals [28] . Renourishment of animals returns protection similar to controls, suggesting that protein deficiency serves to affect the function, but not acquisition, of the adaptive immune response against tuberculosis after BCG vaccination [29] .
From in vivo studies of children and animals exposed to mycobacterium via inoculation or vaccination, we see that a range of macro-and micronutrients have direct effects on the proper functioning of immune cells that would allow the child to either clear the infection or drive it into a latent state. Consequently, this places children at risk for progression to active disease and further worsening of their malnutrition.
Nutritional Supplementation as Adjuvant Therapy in Tuberculosis
Ultimately, we want to know if nutritional supplementation can improve immune function and clinical outcomes in tuberculosis. Early ecological studies found that during times of food restriction, such as war, tuberculosis morbidity rose significantly and then sharply declined after food supplies returned [17] . However, clinical trials face large challenges, because tuberculosis therapy will cause a rapid drop in bacillary load and improve nutritional status. Consequently, this can overshadow any modest change after supplementation [40] . One promising randomized trial among adults with tuberculosis in Indonesia found that supplementation of zinc and vitamin A resulted in faster sputum conversion time and resolution of lung lesions on chest X-ray [41] . However, more recently, the same group was unable to repeat the results in a more malnourished population with a combined or individual addition of vitamin A and zinc [42] .
The few trials on nutritional supplementation for pediatric tuberculosis do not suggest a significant benefit (Table 1) [43] . A study in Brazil showed that zinc supplementation at the time of purified protein derivative (PPD) placement in malnourished children increased the size of induration, suggesting an improvement in cell-mediated immunity [44] . However, an in-vitro study found that in HIV-positive patients, zinc was unable to improve IFN-γ response or increase lymphocyte levels after PPD stimulation [45] . Clinical trials have shown mixed results. Hanekom et al [46] evaluated the response to vitamin A supplementation in 85 South African children at baseline, 6 weeks, and 3 months after initiation of tuberculosis therapy. Supplementation was not associated with a significant improvement in outcomes, including weight change or improvement in respiratory symptoms. Morcos et al [47] conducted a small trial on vitamin D supplementation among children ages 1.5-13 years old and noted clinical and radiographic improvement in the supplementation group but did not demonstrate differences in vitamin D levels or weight gain at the end of therapy. The most comprehensive trial was conducted recently by Mehta et al [48] among 255 children from Tanzania 6 weeks to 5 years of age with active tuberculosis. The children were randomized to receive a daily multivitamin or placebo for 8 weeks after initiation of therapy. Overall, there was no difference in weight after 8 weeks, and there was also no effect in terms of CD4, CD8, and CD3 T-cell subsets.
In summary, there is insufficient evidence to support the use of macro-or micronutrient supplementation for children with active tuberculosis at this time. However, there are several limitations in interpreting supplementation trials, including variable dose concentration, adherence issues, and lack of complementing food sources. In addition, although clinical trials have been unable to demonstrate differences in micronutrient levels or nutritional status at the conclusion of tuberculosis therapy, individuals early in treatment on supplements have faster improvements in micronutrient levels and clinical indicators [46, 49] . A substudy of the Hanekom et al [50] trial also found that vitamin A supplementation in children may help in reducing soluble CD30 (sCD30) levels, suggesting a shift toward Th1 type responses important against tuberculosis. Thus, more comprehensive studies are required to further elucidate how nutritional supplementation may benefit the risk and outcomes of tuberculosis in children. Furthermore, while an early study in Harlem, New York, demonstrated the preventative value of nutritional supplementation on tuberculosis prevalence among household contacts, greater research is required on the role of nutrition on prevention of tuberculosis disease [17, 40] .
CONCLUSION
Studies of the role of nutrition on childhood tuberculosis are significantly limited. Yet we continue to classify malnourished children as high risk for tuberculosis and support overall nutritional supplementation for children with tuberculosis. However, the mechanisms underlying the association between malnutrition and childhood tuberculosis remain unclear.
Using the available evidence, we suggest a model detailing the known information between nutritional status, immune function, and risk of tuberculosis disease. However, it is equally important to recognize the severe gaps in our knowledge (Table 2 ). We require greater prospective studies that evaluate how nutritional status impacts the risk of tuberculosis, while conducting further randomized controlled trials on the use of supplementation in tuberculosis therapy. In resource-limited settings, tuberculosis in children is a major cause of morbidity and mortality, and a large reservoir for continued transmission of infection. As our basic understanding of the interaction between tuberculosis and malnutrition grows, it is important that we seek to apply these advances to the welfare of this vulnerable population. 
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